Optical spectroscopy and energy transfer of Er3+/Ce3+ in B2O3-doped bismuth-silicate glasses by Wang Xunsi et al.
1
R
t
f
a
m
t
c
a
w
g
s
w
4
t
4
T
a
s
h
t
n
i
t
n
972 J. Opt. Soc. Am. B/Vol. 24, No. 4 /April 2007 Wang et al.Optical spectroscopy and energy transfer of
Er3+/Ce3+ in B2O3-doped bismuth–silicate glasses
Xunsi Wang
Faculty of Information Science and Engineering, Ningbo University, Zhejiang 315211, China, Shanghai Institute of
Optics and Fine Mechanics, Chinese Academy of Science, Shanghai 201800, China, and Graduate School of
the Chinese Academy of Sciences, Beijing 100039, China
Qiuhua Nie, Tiefeng Xu, Shixun Dai, and Xiang Shen
Faculty of Information Science and Engineering, Ningbo University, Zhejiang 315211, China
Liren Liu
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China
Received September 28, 2006; revised December 3, 2006; accepted December 5, 2006;
posted December 20, 2006 (Doc. ID 75528); published March 15, 2007
Ce3+ and B2O3 are introduced into erbium-doped Bi2O3–SiO2 glass to enhance the luminescence emission and
optic spectra characters of Er3+. The energy transfer from Er3+ to Ce3+ will obviously be improved with the
phonon energy increasing by the addition of B2O3. Here, the nonradiative rate, the lifetime of the
4I11/2
→ 4I13/2 transition, and the emission intensity and bandwidth of the 1.5 m luminescence with the 4I13/2
→ 4I15/2 transition of Er3+ are discussed in detail. The results show that the optical parameters of Er3+ in this
bismuth–borate–silicate glass are nearly as good as that in tellurite glass, and the physical properties are simi-
lar to those in silicate glass. With the Judd–Ofelt and nonradiative theory analyses, the multiphonon decay
and phonon-assisted energy-transfer (PAT) rates are calculated for the Er3+/Ce3+ codoped glasses. For the PAT
process, an optimum value of the glass phonon energy is obtained after B2O3 is introduced into the Er3+/Ce3+
codoped bismuth–silicate glasses, and it much improves the energy-transfer rate between Er3+ 4I11/2→ 4I13/2
and Ce3+ 2F5/2→ 2F7/2, although there is an energy mismatch. © 2007 Optical Society of AmericaOCIS codes: 160.2750, 140.4480, 160.5690, 250.5230, 300.6280, 300.6410.
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−. INTRODUCTION
ecently, Er3+-doped bismuth glass has received much at-
ention as it was considered to be a promising candidate
or developing a 1.5 m broadband optical fiber
mplifier.1 In designing laser glasses with high perfor-
ance, it is necessary to know the relationship between
he host composition and the radiative (or nonradiative)
haracter of the erbium ions. The laser system of erbium
t the 1.5 m band can be considered a three-level system
hen pumped with a 980 nm laser diode. The 4I11/2 level
ets populated first, then nonradiates to the initial emis-
ion level 4I13/2. The 1.5 m fluorescence emission occurs
hen the population inverts between the 4I13/2 and the
I15/2 levels. To speed up this process, it is necessary to ob-
ain a rapid nonradiative rate between the 4I11/2 and the
I13/2 levels and to shorten the lifetime of the
4I11/2 level.
he multiphonon decay rate for rare earths in crystals
nd oxide glasses observes the energy-gap law,2 which
trongly depends on the maximum phonon energy of the
ost and the energy gap between two excited levels. Since
he energy gap of Er3+ stays nearly unchanged, the pho-
on energy of the host may play the key role of determin-
ng the multiphonon decay rate. To increase the mul-
iphonon decay rate of the 4I11/2→ 4I13/2 transition, it is
ecessary to increase the phonon energy of the glass host.0740-3224/07/040972-7/$15.00 © 2ere, silicate and boron are added in, as they will im-
rove the maximum phonon energy of the glass host
ased on bismuth.
There are other ways to enhance the emission of Er3+,
uch as the energy transfer between Er3+ and other rare
arths (Eu3+, Tb3+, and Ce3+), and the results show that
e3+ is the most efficient ion to enhance the 1.5 m fluo-
escence emission. The relevant energy-level diagrams of
r3+ and Ce3+ are shown in Fig. 1.
In this paper, Ce3+ ions were codoped with Er3+ to im-
rove the fluorescence efficiency, as it will introduce a
AT (phonon-assisted energy-transfer) process from
r3+ 4I11/2 to Ce
3+ 2F7/2. Then B2O3 was introduced into
he Bi2O3–SiO2 glasses to increase the energy-transfer
fficiency with the help of high phonon energy. What has
een investigated in detail are the whole effect of the PAT
rocess stimulated by Ce3+ and B2O3, lifetimes of the
4I11/2 and
4I13/2 levels of Er
3+, and the efficiency of 1.5 m
mission in these glasses.
. EXPERIMENTAL PROCEDURES
r3+/Ce3+ codoped bismuth–silicate–borate (BSB) glasses
ith compositions of 15 SiO2− 85−xBi2O3−xB2O3
1 wt. % Er O −2 wt. % CeO (x=0, 4, 8, 12, and2 3 2
007 Optical Society of America
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Wang et al. Vol. 24, No. 4 /April 2007 /J. Opt. Soc. Am. B 9735 mol.%) were melted in silica crucibles at 1200C for
.5 h in an atmosphere of dry air; bubbling dry oxygen gas
n the experiment was used to decrease the OH− groups in
lasses. In the case of these BSB glasses on melting at
200C with a reducing atmosphere in a SiC Globular
urface, Ce4+ was not produced but rather just Ce3+.3
amples were named, and some measurement results are
escribed in Table 1.
Infrared (IR) transmission spectra were measured us-
ng a Thermo Nicolet (Nexus FT–IR Spectrometer) spec-
rophotometer. The absorption spectrum of a polished
lass was recorded with a PerkinElmer Lanbda 950 UV/
IS/NIR spectrophotometer. The fluorescence spectra in
he range of 1450–1650 nm were measured with a Jobin
von Triax 550 fluorescence spectrometer upon excitation
t 980 nm. The fluorescence lifetimes of Er3+ 4I13/2 and
I11/2 levels were measured with light pulses of a 980 nm
aser diode, and the fluorescence decay curves were re-
orded using an Agilent Infiniium 54833D MSO 1 GHz os-
illoscope. The errors for these calculations are less than
%. All the measurements were carried out at room tem-
erature.
. RESULTS AND DISCUSSIONS
. Absorption Spectra
igure 1 shows schematic energy levels of Er3+ and Ce3+
n BSB glass samples together with a currently proposed
nergy-transfer route between the two ions. The energy
evels were identified on the basis of the absorption spec-
ra of Er3+-doped and Er3+/Ce3+-codoped glasses (Fig. 2).
n interconfigurational transition in the Ce3+ ion, i.e.,
f1 : 2F5/2→4f0 :5d1, cannot be observed as the BSB host
lasses have strong absorption in short visible
avelengths.4
The 4f configuration of the Ce3+ ion consists of only two
anifolds, i.e., 2F5/2 and
2F7/2.
5 The strongest absorption
eak of Ce3+ appears at 2400 cm−1 in the oxide glasses,
uch as tellurite- and bismuth-based glasses.6 Whereas
he energy between Er3+ 4I11/2→ 4I13/2 is about 3600 cm−1
ith a energy mismatch6 of about 1200 cm−1 to that in
e3+, the spectral overlaps between the emission and the
bsorption spectra are not as suitable as we expected.
ig. 1. Energy-level diagrams of Er3+ and Ce3+ and transitions
or observable emission in the bismuth–silicate–borate glasses.
CR, cross relaxation; WMPR, multiphonon relaxation; ESA,
xcited-state absorption; PAT, photon-assisted energy transfer;
E, difference of energy; CR, cross relaxation.owever, it is easily envisaged that the phonon of the
lass will come to bridge and compensate the energy dif-
erence and then help to transfer the energy from Er3+ to
e3+ because of the cross-relaxation process of Er3+ 4I11/2
4I15/2 with Ce
3+ 2F5/2→ 2F7/2 with the assist of the host
lass phonon.
Figure 3(a) shows the IR transmission spectra of
amples from 400 to 4000 cm−1. The absorption band at
bout 3448 cm−1 is due to the stretching vibration of free
H− groups. The absorption coefficient of OH, for a
ample of thickness L, is given by
OH =
lnI0/I
L
, 1
nd then we have7
NOH =
N
 · L
ln
1
T
, 2
here I0 and I are the transmitted intensity and incident
ntensity, respectively. The OH in the proposed bismuth
lasses are in the range of 1.0–2.0 cm−1, and the detailed
H content is shown in Table 1. Moreover, the OH will
ives rise to energy transfer from Er3+ to nearby OH
Table 1. B2O3 Content, CeO2 Concentrations, Den-
sities , Refractive Indices, OH− Group Absorption
Coefficients at 3000 cm−1, and Induced Energy-
Transfer Rate by OHa
lass A1 A2 A3 A4 A5 B1
0 5 10 15 20 0
2 2 2 2 2 0
g/cm3 6.939 6.723 6.426 6.335 6.246 6.92
at 1500 nm 2.025 2.001 1.980 1.950 1.925 2.02
OH cm−1 1.26 1.21 1.23 1.30 1.12 1.10
OH
1019 ions/cm3
1.55 1.49 1.51 1.60 1.85 1.35
OH s−1 68 65 66 70 81 59
aIn the Er3− /Ce3+-Codoped 15SiO2− 85−XBi2O3−XB2O3−1 wt. %Er2O3
Y wt. % CeO2 X=0,4 ,8 ,12, and 15 as mol.% Y =0, 2 as wt. % Glasses.
ig. 2. (Color online) Absorption spectra of Er3+-single-doped
nd Er3+/Ce3+-codoped BSB glasses.
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974 J. Opt. Soc. Am. B/Vol. 24, No. 4 /April 2007 Wang et al.roups and then decrease the radiative lifetimes of Er3+.
he energy-transfer rate, WOH, is proportional to the ac-
eptor and donor concentrations8:
WOH = 8CEr,Er ·NOH ·NEr, 3
here CEr,Er is an Er–Er interaction constant with a
alue of 8.610−40 cm6/s, as found for Er3+ in the
ismuth–borosilicate glasses, and NOH and NEr are the
oncentrations of the free OH groups and Er3+ ions, re-
pectively. Consequently, it can be seen from Table 1 that
f both concentrations of free OH groups and Er3+ are low,
he contribution of WOH becomes minor. So with this re-
ult, it is concluded that the content of OH− groups in our
lasses is too low to affect the fluorescence emission of
r3+ and can be neglected here.
Figure 3(b) shows that the phonon energy of the glass
aries with the increasing of B2O3 content, since it de-
ends on the maximum phonon energy of the host glasses.
t can be seen from Fig. 3(a) that each spectrum consists
f a major band in the range of 500–1300 cm−1. This band
s mainly assigned to vibrations due to the bismuth–
xygen, bismuth–oxygen polyhedra, and silicate–oxygen
n contrast with assignments.9 As expected, the addition
f B2O3 into the bismuth glasses causes an absorbing
and in the 1150–1430 cm−1 range. Also, the shoulder at
282 cm−1 is assigned to the stretching vibration of the
-O bond in isolated BO3 groups. In addition, with B2O3
eing introduced, there is a combined energy vibration,
ig. 3. (Color online) (a) Fourier-transform IR absorption spec-
ra and (b) the maximum photon energy of the host glasses vary-
ng with B2O3 content in the 85−x Bi2O3−15SiO2−xB2O3
0.5 wt. %Er2O3−2 wt. % CeO2 (x=0, 5, 10, 15, 20 mol. %)
lasses.ust shown as curves in Fig. 3(a). The phonon energy of
SiO4 (about 943 cm−1) and BiO4 (about 700 cm−1) is
ower than that of BO4 (about 1282 cm−1), and this en-
rgy is close to the energy difference E=1200 cm−1 of
r3+ 4I11/2→ 4I13/2. The mechanisms of the PAT and mul-
iphonon relaxation (MPR) process to the Er3+ 4I11/2 level
n the Er3+/Ce3+-codoped BSB glasses are shown as fol-
ows:
Er3+4I11/2 + Ce
3+2F5/2
→ Er3+4I13/2 + Ce3+2F7/2 + phonon,
Er3+4I11/2→ Er3+4I13/2 + phonons. 4
. Judd–Ofelt Analysis
ith oscillator strengths derived from the measured ab-
orption spectra, the Judd–Ofelt analysis was performed,
nd the intensity parameters, i.e., 2 , 4 and 6 were
alculated as shown in Table 2. Radiative probabilities Wr
including electric dipole Wed and magnetic-dipole-
nduced transition Wmd), branching ratio 	, and radiative
ifetimes 
r were calculated and listed in Table 2. Here, i
i=2,4,6 are relatively small as they are decided mainly
y the silicate component in the glass host.
. Fluorescence Emission Spectra
ntroductions of cerium and borate resulted in the desired
ariation of the fluorescence emission spectrum. It is
hown in Fig. 4 that the emission intensity of the 4I13/2
4I15/2 transition responsible for the 1530 nm fluores-
ence first increased with increasing B2O3 concentration,
hen decreased slightly as depicted in the inset curve of
ig. 4. Thus, the intensity ratio changing with B2O3 con-
ent indicates that there is a strong interaction between
he Er3+ 4I11/2,
4I13/2 and the Ce
3+ 2F7/2,
2F5/2 levels, as it
s affected by phonon energy of the glass host, i.e., the
ontent of B2O3. The peak of the inset curve of Fig. 4
hows that there is a maximum nonradiation with the op-
imum phonon energy of the glass host under fixed Ce3+
oncentration, which is in good accordance with the pho-
on energy varying curve in Fig. 3(b).
From these emission spectra, the widths of the emis-
ion band eff can be obtained
9:
eff =
 Id 
Imax
, 5
here I is the emission intensity at wavelength  and
max is the emission intensity at peak emission wave-
ength. The values of eff and e for the BSB glasses are
isted in Table 2.
According to Weber10 the emission spectra of Er3+ in
arious hosts are determined mainly by variations of the
ocal ligand fields about Er3+ sites. As shown in Table 2,
he effective emission bandwidth eff increases from 64.7
o 80.77 nm when the B2O3 content increases from 5 to
5 mol. %. As a result, Ce3+ can take the antifunction of
plitting the Er3+ ions with a near–energy matching.
hen, the increases of B2O3 do effectively affect the ligand
eld from the Er3+ site and compensate for the loss intro-
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Wang et al. Vol. 24, No. 4 /April 2007 /J. Opt. Soc. Am. B 975uced by Ce3+ in the inhomogeneous broadening of the
mission spectra. The results of the spectral experiments
how that the B2O3 will still ensure the wideband emis-
ion of Er3+, although codoped with Ce3+.
Figure 5 illustrates the measured lifetimes of the 4I11/2
nd 4I13/2 levels as a function of B2O3 concentration. With
ddition of Ce3+, the lifetime of 4I11/2 decreased dramati-
ally from 0.69 in B1 to 0.48 ms in A1, while the lifetime
f 4I13/2 remained nearly the same, which can be ex-
lained with the PAT process by Ce3+. This means that
he energy transfer between Er3+ and Ce3+ can easily oc-
ur owing to the well matching of resonant energies. With
ig. 4. (Color online) Fluorescence emission spectra of the
r3+ 4I13/2→ 4I15/2 transition from the 1 wt. % Er3+,
wt. %Ce3+-codoped BSB glasses. The inset figure shows the in-
ensity of 1532 nm emission changing with the increasing of
2O3 content.
Table 2. Judd–Ofelt Intensity Parameters, Radiativ
diative Lifetimes r, Nonradiative Transition Prob
Transitions and the MPR and PAT Rates
lass A1 A2
2 10−20 cm2 2.48 2.66
4 10−20 cm2 1.06 0.61
6 10−20 cm2 0.88 0.7
rs−1
4I11/2→ 4I13/2 602 456
4I13/2→ 4I15/2 193 159
rms
4I11/2→ 4I15/2 1.66 2.19
4I13/2→ 4I15/2 5.19 6.30
4I11/2→ 4I13/2 0.94 0.93
4I13/2→ 4I15/2 1 1
mms

2 (at 1.5 m) 3.19 2.47

3 (at 0.98 m) 0.48 0.40
NRs−1
4I11/2→ 4I13/2 1481 2044
eff (at 1.5 m) 64.70 76.75
2 % 63.06 39.18
3 % 71.08 81.77
MPR s−1 696 1438he augment of B2O3 content, the lifetime of the
4I13/2
evel of Er3+ decreased; it might originate from the
nergy-transfer process partly with MPR and partly with
AT, nearly just the same as that of the 4I11/2 level. Mean-
hile, the energy mismatch between Er3+ 4I13/2→ 4I15/2
nd Ce3+ 2F5/2→ 2F7/2 is much bigger, so the efficiency of
nergy transfer will be much lower. Another explanation
or the decrease may be attributed to the quenching de-
ects and cooperative upconversion process, such as
4I13/2 :
4I13/2→ 4I15/2 : 4I9/2. Although the B2O3 is shown to
e detrimental to the fluorescence lifetime, we can take
he way of optimizing the content of the glasses, such as
ddition of Ce3+ to compensate for the loss of quantum ef-
ciency and lifetimes, as discussed in following sections.
. Transition Rates
or Er3+, the lifetimes of 4I13/2→ 4I15/2 and 4I11/2→ 4I15/2,
he radiative quantum efficiency of level 3 4I11/2 and
evel 2 4I13/2 will be defined as
9
i = 
mi/
ri i = 2,3, 6
here 
r2, 
r3 are the radiative lifetimes calculated by the
udd–Ofelt theory and 2, 3 are the radiative efficiencies
f 4I13/2→ 4I15/2 and 4I11/2→ 4I15/2. To increase the excita-
ion of the 4I13/2 level by means of energy transfer, the
ay of decreasing the transition of 4I11/2→ 4I15/2 can be
dopted, just as increasing the nonradiative efficiency 3
n the process of 4I11/2→ 4I13/2,which is described as 3
1−3. For the total quantum efficiency A of level
4I13/2
adiative emission, one must consider the efficiency of the
onradiation from 4I11/2 to
4I13/2, i.e., the pumping effi-
iency, which is concerned about the ratios of the optical
bsorption of 980 nm pumping light by Er3+ 4I → 4I
nsition Probabilities Wr, Branching Ratios , Ra-
ies WNR, Quantum Efficiencies of Some Electronic
3+ 4I11/2\
4I13/2 in Er
3+-doped BSB Glasses
A3 A4 A5 B1
1.55 2.72 2.52 5.87
0.57 1.09 0.56 2.06
0.48 0.85 0.9 1.02
06 513 491 754
24 167 160 225
3.26 1.95 2.04 1.33
8.08 6.00 6.25 4.44
0.92 0.94 0.93 0.94
1 1 1 1
2.24 1.96 1.46 3.27
0.39 0.23 0.25 0.69
58 3835 3509 696
80.96 72.39 80.77 82.25
27.71 32.67 23.35 71.92
88.05 88.21 87.72 48
11 1784 1756 696e Tra
abilit
of Er
3
1
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1815/2 11/2
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fficiency will be defined as
A = 2 * 3 . 7
Figure 6 summarizes the total quantum efficiency of
he 4I13/2 level and the nonradiation efficiency of
4I11/2
4I13/2. Some correlated parameters of the spectroscopy
re listed in Table 2. With the increasing content of B2O3,
specially after Ce3+ is introduced, the nonradiative re-
axation efficiency increased dramatically from 48% to
7.7%, and the excitation of level 4I13/2 was upgraded di-
ectly, with the 4I11/2 level being quenched, as shown in
ig. 6. The total quantum efficiency A of the
4I13/2 level
ppears at two turning points in the curve, as shown in
ig. 6. First, the A increases as the Ce3+ is introduced
nd then decreases with the B2O3 content increasing, as
2 decreases with the MPR process increasing, which cor-
elates to the phonon energy and the impurity of the
lasses. Second, the A just takes on a little improvement,
s there is a stable phonon energy in the glasses. As a re-
ult, the Ce3+ will improve the stimulation emission of the
r3+ ions in 1550 nm band amplification with more exci-
ation of 4I13/2 level.
ig. 5. (a) Measured fluorescence lifetimes of Er3+ 4I11/2→ 4I15/2.
b) Fluorescence lifetimes of Er3+ 4I → 4I .13/2 15/2The measured transition rate WM of the
4I11/2 manifold
an be decomposed into contributions of the radiative WR
nd nonradiative WNR·.
11 Then WNR can be divided into
he following components:
WNR =WMP +WCR +WOH +WETCePAT, 8
here WMP is the MPR rate from the
4I11/2 level to the
ext-lower-lying 4I13/2 level, WETCePAT is the energy-
ransfer rate to impurity ions, and WCR is the cross-
elaxation rate, which is involved mainly in 4I11/2 :
4I11/2
4F7/2 :
4I15/2 as shown in Fig. 1. In this article, it is re-
erred to as WETCePAT with the energy transfer rate from
he erbium to cerium ions (see Fig. 1). To discriminate the
ETCePAT others, one should determine first both WMP
nd WCR, which can be obtained from the erbium single-
oped glasses of B1. Corresponding values of the spec-
rum to the BSB glasses are arranged in Table 2. In the
ase of the BSB glass host, WMP is quite significantly
arge, which is attributed mostly to the high phonon vi-
ration energy of the host, while WCR is negligible even in
he 2 wt. % Er3+-doped samples.
Since Eq. (9) relates the fluorescent lifetime, 
m, to the
pontaneous emission probability, 
r
−1, the total nonradia-
ive rate, WNR, can be obtained by the fitting of the life-
ime 
m and the rate 
r
−1:
WNR = 
f
−1 − 
r
−1. 9
The 
r
−1 was calculated by three Judd–Ofelt parameters
shown in Table 2) for the glass samples. When the
lasses are melted under dry O2 atmosphere, the decay
ate of OH− is minimized as shown in Table 1. When the
honon energy of the BSB glass is high enough, the cross
elaxation is minimized, and Eq. (8) can be simplified to
WNR =WMP +WETCePAT. 10
Especially for glass B1, WNR is dominantly decided by
PR WMP and can be directly calculated with Eq. (9).
As to deducing the intermediate levels of Er3+, the
PR rate WMP needs to be considered, which is depen-
ent on the energy gap E between the higher level and
he next-lower-lying level, as given by12
ig. 6. (Color online) Total radiative quantum efficiency of
4I13/2→ 4I13/2 and the nonradiative quantum efficiency of 4I11/2
4I13/2.
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Wang et al. Vol. 24, No. 4 /April 2007 /J. Opt. Soc. Am. B 977WMP =W0 exp− E/hw 
1
W0 exp− E/hw, 11
here W0 is the transition probability extrapolated with
ero energy gap, hw is the phonon energy, and  is a func-
ion of the electron–phonon coupling constant, which is
early 1. Here, W0 is taken as a constant to the bismuth–
ilicate glass samples as they are of the same glass
ategory.13
Comparing A1 with B1, only Ce3+ is being added; i.e.,
nly PAT is being created. So the PAT process in the A1
lass will be obtained by the following equation [Eq. (12)]:
WPAT1 =WNRA1 −WNRB1. 12
In glass sample B1, there is mainly MPR, so WMPB1
an be acquired with Eq. (12). When WMPB1 is substi-
uted into expression (11), W0 of the B1 glass can be cal-
ulated, and then the MPRs and PATs of Al, A2, A3, A4,
nd A5 can be acquired with expressions (11) and (10). All
he values are shown in Table 2 and illustrated in Fig. 7.
In Fig. 7, with the B2O3 content and the glass phonon
nergy increasing, first, it appears that the PAT decay
ates stay near the same because the phonon energy of
he glasses is too little to bridge the energy mismatch be-
ween specialized levels of Er3+ and Ce3+. Then the WPAT
ig. 7. Nonradiative decay rate of Er3+ 4I11/2→ 4I13/2 by the PAT
rocess with Ce3+ (a) varying with B2O3 content and (b) varying
ith the phonon energy of the glasses.oes up quickly to more than three times, as it comes near
he most appropriate phonon energy point to optimize the
AT process. Finally, the phonon energy of the host glass
rows too big to bridge the energy mismatch; meanwhile,
he rate decreases directly from the top to the bottom of
he curve, as shown clearly in Fig. 7(b). All of this shows
hat the glass phonon energy can assist the energy trans-
er between Er3+ 4I11/2→ 4I13/2 and Ce3+ 2F5/2→ 2F7/2 and
hen improves the fluorescence emission of the 1.5 m
and. In contrast, when the phonon energy is too big or
oo little to bridge the energy mismatch between Er3+ and
e3+, it leads to a fast decrease of the PAT rate, as the en-
rgy mismatch is a fixed one 1200 cm−1. So, here, it
an be concluded that the phonon of the glass host takes
art in the PAT process with a key role. The more match-
ng of energy, the more efficient the PAT process will ap-
ear in the Er3+/Ce3+-codoped BSB glasses.
. CONCLUSION
n summary, the study clearly shows that the Ce3+ and
2O3 codoping into Er3+-doped bismuth–silicate glasses
ffectively enhances the optic performance. First, Ce3+
hows great help in compensating for the quenching effect
f B2O3 in fluorescence emission, just as the decay rate of
he Er3+ 4I11/2 level increases monotonously from
313 s−1 to approximately 515 s−1 and the total quan-
um efficiency keeps the most optimum value. At the
ame time, the decay rate of the 4I13/2 level appears with a
eak, as it comes with a maximum multiphonon relax-
tion decay rate to 4I13/2→ 4I15/2. Then the B2O3 works
ell to compensate for the loss originating from the
e3+effect in broadening the emission band eff to the
r3+ 4I13/2→ 4I15/2 emission. Last, the PAT process for
r3+ 4I11/2→ 4I13/2 with Ce3+ 2F5/2→ 2F7/2 nearly goes up to
maximum in glass sample A4, having the most optimum
honon energy with B2O3 introduced. The B2O3 shows a
eneficial effect on the 1.5 m fluorescence emission of
r3+ when Ce3+ is codoped in bismuth–silicate glasses.
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